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PLANETARY ATMOSPHERES 
By Henry T .  Woodward 
Ames Research Center 
SUMMARY 
Concentrations of radiat ing molecules and rad ia t ion  from a number of  
band systems a r e  presented for  equilibrium shock-layer temperatures and den- 
s i t i e s  of vehicles entering proposed Martian and Venusian atmospheres. The 
atmospheres selected consis t  of various proportions of C02, N 2 ,  and A.  Charts 
a re  a l so  presented which r e l a t e  these equilibrium shock-layer properties t o  
f l i g h t  ve loc i ty  and anibient densi ty  through the normal shock conservation 
equations. These data  can be used t o  estimate stagnation-point rad ia t ive  heat 
t r ans fe r  fo r  en t ry  t r a j e c t o r i e s .  Estimates f o r  a few selected f l i g h t  condi- 
t ions  a r e  discussed and compared. 
INTRODUCTION 
There is  increasing in t e re s t  i n  the  radiat ive heating of vehicles enter- 
ing the  atmospheres o f  Mars and Venus. One consti tuent of these atmospheres, 
C02, has been ident i f ied ,  but  i t s  abundance, as well as the  nature and abun- 
dance of  other gases, i s  s t i l l  uncertain.  In addi t ion t o  C02, proposed a t m o -  
spheres usually consis t  of various proportions of N 2  and A ( r e f s .  1-3). 
Seven mixtures intended t o  cover the range of  uncertainty i n  these pro- 
portions a r e  considered i n  the present repor t .  The f i r s t  four include a more 
l i k e l y  range f o r  the Martian atmosphere, since l a t e s t  evidence indicates t h a t  
C O ~  is a t  l e a s t  a major consti tuent ( r e f .  4 ) .  
of the  seven mixtures considered i n  the present study i s  given i n  the follow- 
ing t ab le  : 

























To include a range of possible shock-layer conditions caused by 
uncertaint ies  i n  t h e  dens i ty  of the Martian and Venusian atmospheres, tempera- 
t u re s  from 4,0000 t o  12,000° K and densi ty  r a t i o s  from t o  1 are con- 
sidered f o r  each mixture. The rad ia t ive  in t ens i ty  f o r  10 of t he  more 
well-known band systems considered t o  be major rad ia t ive  contributors and the  
concentration of rad ia t ing  molecules were then calculated f o r  these condi- 
t i ons .  N o r m a l  shock propert ies  were a l s o  calculated t o  r e l a t e  these shock- 
layer  propert ies  t o  f l i g h t  conditions. The assis tance of D r .  Victor H .  R e i s  
i n  calculating t h e  e f f ec t s  of self-absorption f o r  t h e  CN v i o l e t  band system i s  
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ro t a t iona l  constant, cm-l 
ro t a t iona l  parameter t h a t  varies with v ibra t iona l  l eve l ,  cm-l 
Planck black-body function, W/cm2-sr-p 
ve loc i ty  of l i g h t ,  cm/sec 
v ibra t iona l  energy, cm-l 
function of 7 used i n  self-absorption expression (eq. (12) )  
e lectronic  charge, esu 
f r ac t iona l  population of t he  electronic  s t a t e  
e lectronic  absorption osc i l l a to r  strength f o r  t he  band system 
( f  number) 
Planck constant, erg-sec 
t o t a l  in tens i ty ,  w/cm3 
t o t a l  i n t ens i ty  per pa r t i c l e ,  W/particle 
spec t ra l  i n t ens i ty  per pa r t i c l e ,  w/p p a r t i c l e  
spec t ra l  in tens i ty ,  w/cms-p 
spec t ra l  absorption coef f ic ien t ,  cm-l 
Boltzmann constant, erg/deg 
mass of electron, g 








vibrat ional  pa r t  it ion function 
Franck-Condon fac tor  
t o t a l  heating r a t e ,  W/cm2 
spec t ra l  heating rate, W/cm2-p 
r a t i o  of t o t a l  self-absorbed heating r a t e  t o  op t i ca l ly  t h i n  rate 
temperature, OK 
electronic  energy, cm-1 
f l i g h t  veloci ty ,  km/sec 
v ibra t iona l  quantum number 
maximum vibrat ional  quantum number (eqs. (6) and ( 7 ) )  
vibration-rotation in te rac t ion  constant, c m - 1  
shock standoff dis tance,  em 
wavelength, p 
V wave number, cm-l 
vv v~~ 
P density,  g/cm3 
0 band-head wave number, c m - 1  
densi ty  of  a i r  a t  1 a t m  and 273' K, 1.293X10-3 g/cm3 
PO 
v ibra t iona l  constants , cm-l 
Sub s c r  i p t  s 
OT op t i ca l ly  t h i n  
SA s e l f  -ab sorbed 
1 conditions ahead of shock wave 
2 conditions behind shock wave 
3 
Superscripts 
( ' 1  upper e lectronic  s t a t e  
( I f )  lower e lec t ronic  state 
CALCULATIONS 
Computer programs developed a t  Ames Research Center ( ref .  6)' were used 
t o  calculate  t h e  concentrations of rad ia t ing  molecules and other equilibrium 
thermodynamic shock-layer propert ies  f o r  atmospheres, temperatures, and den- 
si t ies of i n t e r e s t .  
and ambient densi ty  by solving t h e  normal shock conservation equations. Num- 
ber  dens i t ies  of radiat ing molecules a r e  given i n  t ab le s  I through V I I ,  and 
temperatures and dens i t i e s  behind normal shock waves are p lo t ted  i n  f igures  1 
t o  7 f o r  an a d i e n t  temperature of 300' K. 
These propert ies  were then re la ted  t o  f l i g h t  ve loc i ty  
Calculations of the  spec t ra l  i n t e n s i t i e s  of the  CN v io l e t ,  CN red, CO 
fourth posi t ive,  C 2  swan, NO beta ,  NO g a m ,  N 2  first posi t ive,  N 2  second 
posi t ive,  N S  first negative, and 0, Schumann-Runge band systems used the  
"smeared l i ne"  model given by Wil l iams and Treanor ( r e f .  8 ) .  The fundamental 
assumption of t h i s  model i s  tha t  the  dens i ty  of ro t a t iona l  l i n e s  is  so grea t  
t h a t  the  d i s t r ibu t ion  of t h e i r  i n t e n s i t i e s  may be regarded as continuous. 
This model gives a reasonably accurate representation of the  gross features 
of band systems; other  examples of i t s  use are given i n  references 9 and 10. 
From equation (7) of reference 8, t h e  spec t ra l  i n t ens i ty  is  
where the  summation i s  such t h a t  for-bands degraded t o  shorter  
wavelengths and 
W i l l i a m s  and Treanor ( ref .  8) s ta ted  t h a t  it w a s  more exact t o  use fi i n  
place of Be i n  t h a t  par t  of equation (1) included i n  the  sumation, where 
v t Iv , r  _< v 
v:lvti _> Y fo r  bands degraded t o  longer wavelengths. 
._._ . - 
-e CN rad ica l  i s  an important rad ia tor ,  but t he  correct  values of cal-  
culated CN concentrations are uncertain, primarily because of t he  wide range 
of values of heat of dissociat ion reported i n  the  literature (from 7.3 t o  
8 -3  eV> , none of which i s  c l ea r ly  b e t t e r  than any other  (ref.  7 ) .  The value 
used here is  approximately 8.2 e V .  
4 
They a l s o  indicated later i n  a pr iva te  communication t h a t  the  induced emission 
fac tor  1 - e -hcv/kT, as w e l l  as t h e  fac tor  hc, had been inadvertently omit- 
t ed .  After these corrections and modifications are made, t he  expression is  
multiplied by 47t t o  obtain the  radiat ion i n  a l l  d i rec t ions  (431 sr) and 
divided by np. The equation, as evaluated i n  t h i s  report ,  then be comes 
where 
VI’ M -hcF$ 
y 
tl and vM is  the  smallest value f o r  which 
-hcq: 
kT e < 0.001 - 
~ / p  particle 
(3) 
(7) 
The values of w e r e  taken from Herzberg 
( r e f .  11); the  f rac t ion  of molecules i n  t h e  lower electronic  state, 
w a s  computed by formulas obtained from Gilmore ( ref .  12), and the  v ibra t iona l  
quantum numbers f o r  t h e  band-head t r ans i t i ons  considered were those l i s t e d  by 
Wallace (refs. 13, 14) .  The values and sources of t he  band-system electronic- 
absorption o s c i l l a t o r  s t rengths  ( f  nunibers) used, and the sources of t he  
F’ranck-Condon f ac to r s  are given i n  t a b l e  V I I I .  Thus, t h e  spec t ra l  in tens i ty  
per pa r t i c l e ,  
p lo t ted  fo r  f ive  temperatures i n  f igures  8 t o  17. The t o t a l  i n t ens i ty  per 
pa r t i c l e ,  Ip, of each band system w a s  obtained by integrat ing the  spec t ra l  
Te, Be, we, WeXe, Weye, W e z e ,  and Ue 
11 
, of each band system w a s  calculated from equation (3) and 
=PA 
5 
i n t ens i ty  with respect t o  wavelength over t he  spec t ra l  range of t he  band 
system. Values of Ip and the  spec t ra l  ranges used i n  the  calculat ions a r e  
l i s t e d  i n  t ab le  I X . 2  
DISCUSSION 
These t ab le s  and graphs can be used t o  estimate stagnation-point radia- 
t i v e  heating along proposed planetary en t ry  t r a j e c t o r i e s .  The procedure w i l l  
be described and sample calculations of rad ia t ive  heating a t  two points of a 
proposed t r a j ec to ry  through the  first f i v e  atmospheres i n  the  t ab le  on page 1 
w i l l  be discussed and compared. 
The temperature and densi ty  behind a normal shock wave can be determined 
from f igures  1 t o  7 as a function of  f l i g h t  ve loc i ty  and ambient densi ty  fo r  
a par t icu lar  atmosphere, and should be only s l i g h t l y  affected by ambient tem- 
peratures d i f f e ren t  from 300' K. These shock-layer conditions a r e  then used 
t o  interpolate  for np, the  concentration of molecules, i n  t ab le s  I t o  V I I .  
Interpolation i n  f igures  8 t o  17 or t ab l e  I X  using the  shock-layer temperature 
gives I and Ip, respect ively.  The spec t r a l  i n t ens i ty  of each band system 
is  then PA 
Similarly, t he  t o t a l  i n t ens i ty  of each band system i s  
I = npIp , w/cm3 (9) 
A t  the  stagnation point of a blunt body, t he  spec t ra l  radiat ive heating r a t e  
f o r  an op t i ca l ly  t h i n  gas i n  thermochemical equilibrium i s  given by the  plane- 
layer  approximation ( r e f .  15) as 
and, s imilar ly ,  t he  t o t a l  r a t e  is  
where the  summation includes a l l  band systems and 6 is t h e  shock-wave 
standoff dis tance.  
2Since the  
i n  the  method expressed by equation ( 3 ) ,  t he  e f f ec t  of a b e t t e r  
t he  given values of 
given values by the  r a t i o  of t he  new f number t o  the  given f number. 
f number i s  considered constant over the  e n t i r e  band system 
f number on 
and Ip can be obtained by simply multiplying the  
IPA 
6 
A t  t he  first point of an example t ra jec tory ,  V 1  = 6.5 km/sec and 
pl/po = lom4. 
T2 = 5600~ K and p2/po = 1. 775x10-3. Figure 18 is  a p lo t  of equation (8) 
f o r  these conditions showing the  spec t ra l  d i s t r ibu t ion  and in t ens i ty  of t h e  
band systems. 
is  shown i n  f igure  19. 
radiat ion comes from t h e  C N ( V ) ,  C N ( R ) ,  and C 0 ( 4 + )  band systems; other contri-  
butions a r e  smaller by fac tors  of 100 t o  1000. I n  50 percent C02, 30 percent 
N 2 ,  and 20 percent A, t h e  shock-layer temperature is about 2000 higher 
(58300 K ) ,  and the  t o t a l  radiat ion is  somewhat higher.  I n  50 percent C02 and 
50 percent A, t he  only contributions come from C 0 ( 4 + ) ,  C 2 ( S ) ,  and 02(S-R) ,  
but  t he  la t ter  two band systems are s t i l l  negl igible  compared t o  C 0 ( 4 + ) .  
Moreover, although the  shock-layer temperature i s  about 600° higher (6430' K )  , 
t h e  absence of CN(V) and CN(R)  results i n  reduced t o t a l  radiat ion.  
100 percent C02,  the  shock-layer temperature i s  about 800° lower (5650~ K )  , 
and the  t o t a l  radiat ion,  which again is  from the  C 0 ( 4 + ) ,  C 2 ( S ) ,  and 02 (S-R) 
systems, is  the  lowest of t h e  four gas mixtures considered thus far, but s t i l l  
more than 1/3 t h a t  from the  highest .  In  100 percent NP, the  shock-layer t e m -  
perature i s  about 2000 higher (5870O K ) ,  but the  only contributions come from 
N 2 ( 1 + ) ,  N 2 ( 2 + ) ,  and N Z ( l - ) .  
f a c to r  of 100 lower than tha t  from any of t he  previous four gas mixtures. 
I n  an atmosphere of 50 percent C 0 2  and 50 percent N 2 ,  
The t o t a l  heating rate, obtained by evaluating equation (ll), 
In  50 percent C 0 2  and 50 percent N2, most of t he  
In 
The t o t a l  radiat ion i n  t h i s  case i s  about a 
A t  t he  second point of t he  proposed t ra jec tory ,  V L  = 5.8 km/sec and 
pl/po = loW3. "he t o t a l  rad ia t ion  from the  first three gas mixtures and 
100 percent N 2  i s  about a f ac to r  of 10  higher than a t  the  previous t r a j ec to ry  
poin t .  In 100 percent C02, however, t he  t o t a l  rad ia t ion  is  about a fac tor  of 
10 lower, mainly because of a shock-layer temperature which is about 12000 
lower (44000 K )  than a t  the  previous point.  
Experimental evidence supporting similar predictions i s  discussed i n  
reference 16. 
such as continua and atomic l i n e s ,  tha t  contribute importantly a t  high tem- 
peratures .  I n  f a c t ,  continuum and l i n e  rad ia t ion  a r e  expected t o  be dominant 
above about ll,OOOo K ( ref .  1 6 ) .  
It should be noted t h a t  there  a re  other sources of radiat ion,  
A n  expression t h a t  accounts f o r  self-absorption and is  shown t o  be a 
good approximation fo r  the  stagnation-point rad ia t ive  heating of a blunt body 
is  given by Kennet and Strack ( r e f .  17)  and Strack ( re f .  18). 
where €$, is  the  Planck black-body function, values of E3(7)  tabulated by 
Kourganoff (ref.  19) a r e  p lo t ted  i n  f igure  20 as a function of 7 ,  and 
where 
-1 em K ; \ = -  =A > 
4JcBh 
7 
is t h e  spec t ra l  absorption coef f ic ien t .  Hence, i f  differences between values 
from equations (10) and (12) are appreciable i n  a par t icu lar  spec t ra l  region, 
t he  more r e a l i s t i c  value of 
t h i n  contribution indicated i n  equation (ll) by the  in tegra l  of equation (12) 
i n  t h i s  region. 
t he  C0(4+) band systems can be reduced by self-absorption. 
kA can be obtained by replacing the  op t i ca l ly  
This procedure shows t h a t  radiat ion f romthe  CN(V) and 
The r a t i o  
%T 
dh 
f o r  these systems is  p lo t ted  as a function of temperature and densi ty  i n  
f igures  21 and 22 f o r  a mixture of 50 percent CO, and 30 percent N2, and 
shock-wave standoff distances of 1 and 20 cm. A t  higher shock-layer densi- 
t ies ,  most of the  rad ia t ion  is  self-absorbed. 
Ames Research Center 
National Aeronautics and Space Administration 
Moffett Field,  C a l i f . ,  Oct. 3, 1966 
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TABLE 1.- NUMBER DENSITY, M O U C W S / C $ :  50 PERCENT C02 
4,000 

























































































































































































1.050 +l9 ~ 
1.877 +12 
1.586 +14 
6 .128 +15 
9.729 +I6 
1.063 +18 
1.072 +19 ~ 















































































































5 .Ob1 +7 
7 . 8 ~  +ii 
3.189 +13 
2.413 +14 






























































































1 .404 +18 
















































Note: A group of d i g i t s  followed by +n indicates t ha t  the decimal point should be n places t o  
the r ight  of the f i r s t  d i g i t .  
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TABLE 11.- NUMBER DENSITY, MOLECULES/CM3: 50 PERCENT C02 - 30 PERCENT N2 - 



































































N 2  
5.213 +i 
5.779 +I 
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4.675 +r 
5.538 +It 



































; .765 +5 
3.458 +8 
!.253 +U 
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3 .g48 +li 
3 . O p  +I& 
L.413 -18 
j.496 +1c 






! .740 +14 
i .046 +16 






1.747 +17 . 
.a997 +4 
'e558 +7 
. p 5  +10 
, .056 +13 
-_  
.. -. .. 
t .268 +i3 
__ 
. . . . .  ~ 
,.234 +l5 




































~ . 8 4 4  +12 
~ . 8 1 9  +14 
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9.052 +g 
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1 .737 +14 













































3 -751 +17 
~ . 3 6 8  +7 
5.651 +9 
L .081 +x? 
~ . 3 2 8  +14 














. .574 +10 
1.343 +l2 
1.663 +14 
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~ . 6 8 4  +11 
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See note on page 11. 
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7 3 000 
8,000 




























1 .TO5 +l3 
7.883 +14 
6.875 +15 







































































































































on page 11 
TABU LV.- NUMBER DENSITY, MOLECULES/CM~: 100 PERCENT CO2 

































































































































3 - l P  +17 
1.102 +19 



























































































See note on page ll. 
TABLE V .- NUMBER DENSITY, MOLECULES/CM3: 100 PERCENT N2 












1.901 +15 1.260 +io 
2.464 +16 7.677 +io 
2.676 +17 3.574 +u 
2.747 +18 1.367 +12 



































9.086 4-18 1.535 +16 ' 1.845 +7 5.800 +7 4.234 3 380 +12 4 1.630 4 3 1 +10 9 *'-I --- 1.895 +lo 1.032 +lo 
-3 1.279 +16 , 6.424 +ii -3 4.520 +12 6.387 +ii 
-2 2.163 +17 4.884 +12 1 -2 5.962 +14 2.485 +13 
2.568 +18 I 2.512 +13 -1 6.251 1-16 8.115 +14 -1 
0 2.711 +ig 1.011 +14 0 4.656 +18 2.003 +16 
-5 4
I 
: 7,000 -5 ' 2.808 +ll 1.304 +9 .'12,OOO -5 7.756 +5 1.004 +7 
I -4 2.831 +13 4.145 +io -4 2.381 +g 4.141 +g 
-3 2.427 +15 1.162 +12 -3 1.209 -1-12 4.429 +ii 
-2 , 1.085 +17 1.948 1-13 -2 12.102 +14 2.121 +13 
-1 2.045 +18 ' 1.584 +14 -1 2.468 +16 7.552 +14 
I 0 2.522 +19 I 8.182 +14 0 2.242 +18 2.191 +i6 , I 
8,000 I -5 3.109 +io ' 9.992 t8 
-4 3.534 +12 3.478 +lo 
-3 3.597 +14 1.113 +12 
-2 2.981 +16 3.032 +13 
-1 1.205 +18 4.631 +14 
2.120 +19 , 3.425 +15 1 0 
L 
See note on page 11. 
TABU VI.- NUMBER D E N S I T Y ,  MOLJ3CULES/CM3: 25 P F Z C E N T  CO, - 75 PERCENT N2 





- a ,000 
9,000 
10 , 000 




















































































































9.270 4 6  
1.876 +7 
4.754 +7 

























































































































































































3 .a04 +14 
4.288 +15 









































































































































See note on page 11. 
1.5 
~~ 















































































































































































































































































































































































































! .066 +io 
; .628 +12 
..086 +17 









8.682 + i t  
















































j .427 +16 
TABU VII1.- VALUES AND REFEBENCES FOR f NUMBERS AND FRANCK-CONDON FACTORS 

























































"The CB concentrations used t o  deduce t h i s  f value 
a r e  from t h e  same source as those given i n  t a b l e s  I t o  
V I I .  






2 . 0 1  -19 
9.10 -16 
L.V -18 











































3 . u  -16 
1.22 -13 
3.06 -14 
Note: A group of digi ts  followed by -n indicates that the decimal point should be n places t o  the l e f t  of the 




V,,  km/sec 
(a) Temperature. 
Figure 1.- Equilibrium gas properties behind normal shock waves i n  0.5 CO,-O.? N2 mixture; 




IL VI, km/sec . .  
(b) Density r a t i o  across normal shock. 
Figure 1. - Concluded. 
L 
VI, km/sec 
(a )  Temperature. 
Figure 2.- Equilibrium gas properties behind normal shock waves in 0.9 C02-0.3 N2-0.2 A mixture; 
T i  = 300' K.  
.- 
VI, km/sec 
(b)  Density r a t i o  across normal shock. 
















2 3 4 5 6 7 0 9 IO II 12 
V,, km/sec 
( a )  Temperature. 
Figure 3.- Equilibrium gas properties behind normal shock waves in  0.5 C02-0.5 A mixtur 















I I  
2 3 4 5 6 7 8 
VI,  kmlsec 
9 
(b)  Density r a t i o  across normal shock. 
10 I1 12 
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2 3 4 5 6 7 0 9 I O  II 12 
V,,  km/sec 
(a )  Temperature. 
Figure 4.- Equilibrium gas properties behind normal shock waves i n  1.0 C02; T1 = 3000 K.  
. .  
2 3 4 5 6 7 0 
VI, kmlsec 
9 IO I I  12 
(b)  Density r a t i o  across normal shock. 
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VI, kmlsec  
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(a )  Temperature. 
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VI, km/sec 
(b) Density ratio across normal shock. 
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VI, km/sec 
2 
(a) Temperature . 
Figure 6.- Equilibrium gas properties behind normal shock waves i n  0.23 C02-0.7T N2 mixture; 
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VI ,  km/sec 
(b)  Density r a t i o  across normal shock. 
















3 4 5 6 7 8 9 IO II 12 
VI, kmlsec 
(a) Temperature. 
Figure 7.- Equilibrium gas properties behind normal shock waves i n  0.73 CO2-0.25 N2 m i x t u r  
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VI, km/sec 
( b )  Density ratio across normal shock. 
Figure 7.- Concluded. 
A, micron 
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A, micron 
Figure 9.- Spectral  in tens i ty  per p a r t i c l e  f o r  CN(R) band system. 
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Figure 10.- Spectral intensi ty  per par t ic le  f o r  CO(k+) band system. 
W cn 
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- 12 
W -13 .- 







Figure 11.- Spectral  intensity per  pa r t i c l e  f o r  C2(S) band system. 





Figure 1-3 .- Spectral  in tens i ty  per pa r t i c l e  fo r  NO(y) band system. 
3 
A, micron 
Figure 14.- Spectral in tens i ty  per par t ic le  for N2(1+) band system. 
Figure 15 .- Spectral  in tens i ty  per pa r t i c l e  f o r  N ; z ( ~ + )  band system. 
Figure 16 .- Spectral intensi ty  per par t ic le  f o r  N:(1-) band system. 
.I5 .20 .25 .30 .35 .40 .45 .50 .55 
A, micron 
Figure 17 .- Spectral  in tens i ty  per pa r t i c l e  f o r  02 (S-R) band system. 
50%C02-50°/~ N2 
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Figure 18.- Spectral intensi ty  a t  V1 = 6 .> km/sec and pl/p, = lov4 
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Figure 21.- Effect  of self-absorptioh f o r  CN v io l e t  band system. 
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Figure 22.- Effect  of self-absorption f o r  CO fourth pos i t ive  band system. 
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“The aeroizautical and space acticities of the  United States shall be 
conducted so as to contribute . . . t o  the expansioiz of h i ~ m a n  knowl- 
edge of phenomena iii the atmosphere and space. T h e  Administration 
shall provide for the widest practicable aud appropriate dissemination 
of infwmation concerning its actiidies and the results thereof.’’ 
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